Epithelial cancers of the elderly are caused by a combination of telomere dysfunction and the mutational invalidation of major tumor suppressors including p53. A recent article published in Cell by Davoli et al. shows that the simultaneous elimination of p53 and telomerase causes a state of chronic DNA damage that results in tetraploidization through endoreplication, that is, two consecutive S phases that are not separated by mitosis. As tetraploid cells represent a metastable intermediate between normal diploidy and cancer-associated aneuploidy, this novel route to tetraploidization may constitute (one of) the functional link(s) between aging and carcinogenesis.
In developing carcinomas of adult or elderly humans, early oncogenic lesions are often characterized by three alterations, namely (1) telomere shortening, followed by reactivation of telomerase; (2) the transient activation of a DNA damage response (DDR) involving kinases such as ataxia telangiectasia mutated (ATM), the tumor suppressor protein p53 and checkpoint kinase-1 or -2 (Chk1, 2), followed by the later inactivation of the DDR and (3) a transient state of tetraploidy that is followed by numeric and structural chromosomal instability and aneuploidy. A seminal article by Titia de Lange's group (Davoli et al., 2010) has recently provided a possible mechanistic link among this triad of alterations.
Telomeres are regions of repetitive DNA at the end of chromosomes that protect the end of the chromosome from deterioration. Unless a specific enzyme, telomerase, becomes activated, at each cellular division, part of the telomere is lost. The telomere shortening mechanism limits human somatic cells (that usually do not express telomerase) to a fixed number of divisions and hence participates in the pathogenesis of aging (Sahin and Depinho, 2010) . One of the fundamental biological differences between humans and laboratory mice (Mus musculus) constitutes in the fact that the former have relatively short telomeres, whereas the latter possess long telomeres. Knockout of one of the subunits of telomerase, terc or tert, hence has no effect on the health or life span of the first generation of mice, yet limits their health and longevity after the third generation (Sahin and Depinho, 2010) . In contrast to late-generation Terc
þ /À ) mice show increased tumor incidence (Blasco et al., 1997; Artandi et al., 2000) . Instead of the typical lymphoma-dominated and sarcoma-dominated tumor spectrum in p53 À/À mice with intact telomeres, telomere-dysfunctional Terc
mice tend to develop carcinomas of the skin, gastrointestinal tract and breast. Thus, the spectrum of tumors of Terc
À/À mice is relatively close to that observed in the aged human population (Artandi et al., 2000) .
These observations suggest that telomere dysfunction, as it occurs in normal human aging, might be one of the decisive factors that contribute to epithelial carcinogenesis. Accordingly, short telomeres have been reported as common early alterations in many human carcinomas, including gastric (Maruyama et al., 1997) , colon (Engelhardt et al., 1997) , lung (Lantuejoul et al., 2005) , breast (Meeker et al., 2004) , pancreatic (Meeker et al., 2004) and prostate (Engelhardt et al., 1997) cancers. Short telomeres have also been found in biopsies taken from Barrett's esophagus, a pre-neoplastic state that precedes esophageal adenocarcinoma. Barrett's esophagus samples with the shortest telomeres also had the highest degree of chromosomal abnormalities (Finley et al., 2006) . As a result, it is currently believed that many if not most cancers arise from cells in which telomere erosion has provoked a 'crisis' beyond which telomerase expression had to be reinstated (or alternative telomere maintenance mechanisms had to be activated) to immortalize the cells (Sahin and Depinho, 2010) .
A fundamental characteristic of cancer is genome instability. It is likely that transient chromosomal instability arises when telomeres in a nascent tumor become critically short and prone to chromosomal fusions, whereas activated oncogenes and ensuing DNA-replication stress with double-strand break formation fuel chromosomal instability continuously (Jackson and Bartek, 2009) . At functional telomeres, DNA damage signaling pathways are repressed because of the presence of components of the shelterin complex including TRF2 (which blocks ATM) and protection of telomeres 1 (POT1, which inhibits ataxia telangiectasia related, ATR). Shortened telomeres give rise to a DDR initiated by the ATM and ATR kinases, which leads to cellular senescence or apoptosis. Indeed, the DDR is commonly activated in early neoplastic lesions and probably protects against malignancy. As oncogenic lesions evolve from dysplasia to in situ carcinoma and invasive cancer, the DDR is progressively inactivated. This can involve the loss, mutation, downregulation or inhibition of essential DDR proteins such as p53, ATM or Chk2 (Halazonetis et al., 2008) .
A third common alteration that marks early oncogenic lesions is tetraploidy. Tetraploidization has been observed in the early stages of colorectal (Danes, 1978) , breast (Dutrillaux et al., 1991) , cervical cancer (Olaharski et al., 2006) as well as in Barrett's esophagus (Finley et al., 2006) . Although the natural history of tetraploidy in human cancers has not been thoroughly investigated, in vitro results indicate that the inactivation of p53 is permissive for tetraploidization (because p53-sufficient cells usually die from apoptosis as they become tetraploid) (Castedo et al., 2006; Senovilla et al., 2009 ; Figure 1 ). Accordingly, the loss of p53 function is associated with tetraploidy in Barett's esophagus (Finley et al., 2006) and in early cervical cancers (Skyldberg et al., 1999) . Tetraploidy constitutes a metastable state because tetraploid cells tend to lose chromosomes progressively during aberrant dipolar mitoses (Ganem and Pellman, 2007) and/or undergo multipolar mitosis during which chromosomes are distributed among the daughter cells in a near-to-random manner (Roumier et al., 2005; Vitale et al., 2010) . This latter process is facilitated through the activation of the oncogene mos, which inhibits the aggregation of supernumerary centrosomes and facilitates multipolar divisions leading to the generation of three or more daughter cells per mitosis (Vitale et al., 2010) . Thus, tetraploidy serves as a stochastic generator of genomic instability, a sort of chromosomal lottery in which the prize is won by the fittest-and hence most malignant-daughter cells.
The recent article by Davoli et al. (2010) outlines a new scenario through which tetraploid cancer cell precursors can arise. Until now, several possible mechanisms of carcinogenesis-relevant tetraploidization had been outlined. According to one scenario, tetraploidy may arise from illicit cell-to-cell fusion events, as they are triggered by virally encoded fusogenic proteins (Castedo et al., 2001; Duelli et al., 2007) . Another scenario involves failure to complete mitosis (mitotic slippage) in which a prolonged mitotic arrest, for instance due to the prolonged presence of microtubular inhibitors, forces cells to revert from the G 2 /M boundary to the G 1 phase of the cell cycle (Margolis, 2005 ). Yet another pathway to tetraploidy is marked by mitotic chromosome nondisjunction, leading to failure to complete cytokinesis (Ganem and Pellman, 2007) . The originality of Davoli's recent work is that it outlines a scenario in which telomere damage promotes tetraploidy through endoreplication, that is two rounds of DNA replication (S phases) that are not interrupted by mitosis. Davoli et al. show that depletion of POT-1 proteins (POT-1a and POT-1b) from telomeres in mouse embryo fibroblasts that lack a functional p53 pathway (due to transformation with SV40 or knockout of p53) induces a persistent DDR involving ATM and ATR kinases, as well as their downstream effector kinases Chk1 and Chk2, resulting in a G 2 arrest. Using the elegant Figure 1 Hypothetical evolution from normal diploidy to cancer-associated aneuploidy through an intermediate stage of tetraploidy. Several different mechanisms can lead to the generation of tetraploid cells, which must inactivate p53 to avoid an irreversible arrest of the cell cycle or apoptosis. Tetraploid cells can undergo multipolar divisions that often lead to generation of three or more cells from one single mother cell. This process causes the near-to-stochastic distribution of chromosomes and hence is lethal for most daughter cells because nullisomies (the total absence of one particular chromosome) or polysomies (the presence of extra copies of chromosomes) result in major genetic defects or the incorrect assembly of multiprotein complexes and fatal linkage disequilibria, respectively. However, a small fraction of daughter cells with a near-to-diploid, yet aneuploid chromosome content can survive and contribute to tumor progression. Alternatively, the presence of extra centrosomes in tetraploids can favor merotelic chromosome attachments during mitosis, thereby favoring chromosomal lagging with the consequent danger of chromosome loss or asymmetric distribution among daughter cells, even if the division is bipolar. Note that the temporal order of the events does not constitute a proof of cause-effect relationships.
Tetraploidy, telomere insufficiency and oncogenesis M Castedo et al videomicroscopic technique of fluorescent ubiquitination-based cell-cycle indicator, the authors showed that the APC/Cdh1-dependent degradation of the geminin, an inhibitor of the replication initiation factor Cdt1 that is usually degraded at the end of mitosis, occurred aberrantly early, before the cells entered mitosis. It should be noted that the mechanistic link between telomere dysfunction and precocious geminin degradation is elusive and hence awaits future clarification.
Irrespective of the precise mechanisms, cells that have been arrested at the G 2 /M border entered the S phase, reduplicated their genome and become tetraploid as they accumulated supernumerary centrosomes (Davoli et al., 2010) . Similarly, continuous treatment of cells with the double-strand-break-inducing agent zeocin induced polyploidy that could be prevented by ATM/ATR or Chk1/Chk2 inhibition. DNA damage-induced polyploidy was not restricted to mouse cells as it was also observed in human fibroblasts after prolonged zeocin exposure. Of note, cells with an intact p53 pathway showed a G 1 arrest in response to DNA damage. Importantly, restoration of telomere protection in p53-deficient tetraploid cells (through a Tet-Off-inducible system for POT1a reexpression) could reestablish normal cell division cycles and proliferation (Davoli et al., 2010) . Altogether, these data strongly suggest that, in the absence of p53, telomere dysfunction may lead to chromosomal instability through endoreplication-promoted tetraploidization. The results by Davoli et al. (2010) outline a novel scenario that links aging-associated chronic DNA damage to oncogenesis. The challenge is then to develop strategies that avoid aberrant tetraploidization events or to kill tetraploid cells selectively, once they have been generated. Beyond strategies for the reactivation of p53, it might be possible to develop pharmacological agents that selectively target tetraploid cells. Indeed, genomic screens performed on tetraploid cells revealed that such cells are particularly vulnerable to inhibitors of HSET, a normally nonessential kinesin motor (Kwon et al., 2008) , and pharmacological screens suggest that targeting the mitotic kinesin Eg5 can also have a selective effect on tetraploid cells (Rello-Varona et al., 2009) . The future will tell whether these or similar strategies may allow for the chemoprophylaxis of human carcinomas.
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